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SUMMARY

Charts are presented for estimating the downwash behlnd wings
in a supersonic stream. The wing plan forms for which computations
are made include rectangular wings with reduced aspect ratios
(cotangent of Mach angle times aspect ratio) of 2, 4, 8, and 12;
trapezoldal wings with reduced aspect ratios ranging from 2 to 12.8
and taper ratios of 1/2 and 1/4; and triangular wings with reduced
agpect ratios of 8 and 12. All the wings have supersonic leading
and trailing edges.

The charts are obtained on the basis of lifting-line theory.
For each wing, charts of the downwash near the wing, the downwash
in the Trefftz plane, and the spanwise distribution of loading are
presented. The charts are appllcable behind the wings in reglons
where the effect of the rolling up of the tralling vortex sheet is
not excesslve. The calculation of downwash farther downstream is
briefly discnssed.

A procedure 1s indicated to correct for the displacement and
the distortion of the trailing vortex sheet. The downwash behind
wings with flaps 1s brlefly considered.

INTRODUCTION

Charts presented In reference 1 for the downwash behind wings
at subsonic speeds have proved of great value to the alrcraft
designer, With the recent emphasis on high-speed flight, a similar
series of charts for the downwash behind wings at supersonic speeds
would be equally useful. A computational program was therefore
undertaken at the NACA Lewls laboratory to provide such charts.
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The downwaesh charts presented herein are based on the 1lifting-
line theory of reference 2. Dowawash results obtalned from the

linearized theory of reference 2 may differ from those encountered
in practice due to (from references 1 and 3):

1. Displacement and dlstortion of the tralling vortex sheet

2. Differences between theoretical and actual spanwise distri-
bution of loading

3. Wing~body interference
4, Viscous-weke effects

A first-order correction for the displacement and the distortion
of the tralling vortex sheet, as suggested in reference 1, 1s
incorporated. The region of validity of this approximation is dis-
cugsed on the basis of the analysis of reference 4.

Charts are presented for obtaining the downwash behind rec-
tangular, trapezoidal, and triangular wings, all of which have
supersonic leading and trailing edges. The downwash behind tri-
angular wings with subsonic leading edges is presented in refer-

ences S and 6.
THEORY
Downwash Near Wing
The vertical pertur:r)a’bion velocity at a point =x,y,z induced

by a lifting line lying in the =z = O plane along the y-~axis
(fig. 1(a)) is given in reference 2 (equation (46)) as

b
1 2(y-7,) (r,2-8%28) 4T
¥ T 2 22 z 3] 3y, 90 (1)
v ro(x"-B"z )[(y-yo) +2] o

where I' 1s the spanwise distribution of circulation and jyg

and y, are the ordinate 1limits of the lifting line contailned
within the forwerd Mach cons from x,y,z. (The main symbols used
in this report are defined in appendix A.) The integration may be
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approximated by a summation corresponding to replacing the lifting
line and 1ts shed vortex sheet by a finite number of horseshoe
vortices. That 1s, a smooth spanwlse variation ln circulation is
replaced by a stepwise variation, as illustrated in figure 1(Db).
Equation (1) then becomes

n
3 x(y-y1) (r42-p22?)

W E & e

ere— ry(x-p%2?) [G51)2428]

(al), (2)

vhere (Al'); 1s the strength of the i-th trailing line vortex,

Ty is the spanwise coordinate of the i-th trailing line vortex,
and n 1s twice the number of horseshoe vortices used. The terms
for which r; 1is imaginary are omitted from the summation because
such terms arise from line vortices that lie outside the foreconse
from x,y,z. This summation corresponds to integrating equation (1)
between the limits y, and . The sign of (Al); is negative
if, by applying the right-hand rule, the vortex vector is in the
positive x-direction. The magnitud.e of (Al')3 18 equal to the
Jump of the 1-th step in the load distribution.

Equation (2) may be put in a form more suiltable for computa-
tions by substituting &= x/Bb', 3 =y/b', and ¢=2z/b' to

obtain
n
iSO ta)|f-aeng?ef]  ap)y
e m(i -8 [nn)? E] P
S ( l")
= - _21__2 Al)y )
=1 . '

Flat-plate wings will be asgsumed for the remainder of the
report. The results are applicable to other wings, however, inas-
much as the downwash behind a wing with thickness and camber equals
the flat-plate solution plugs the downwash of the wing at zero angle
of attack. Thus,

W
w a_£+a,-o

al da al
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where wy_o 1s the downwash of the wing at zero angle of attack.
For a flat plate,

‘ o, < AT)
ge 1 Tm <> (oD )
da 2x oUDb’ — I'n

where I 1s the value of I' at midspan.

The factor Gy is singular for points on a line vortex; that
is, when q =7n3 and {= 0. Comparison of downwash obtained by
analytic integration and numerical integratlion indlcates that the.
computetional points in the {= O plane should be half-way
between line vortices when: equation (4) is used. Computational
points, with ¢ # 0, that lie on the aftercone from a corner of a
horgeshoe vartex should be avolded inssmuch as the radical in the
denominator of Gy 1s then zero.

The results of reference 2 show that the lifting-line approxi-
mation gives values of downwash that are in good agreement with
the exact linearized solution if the lifting line 1s placed at the
1/2-chord point for rectangular wings and at the 3/4-chord point
for triangular wings. For the present computations, the line vor-
tices were therefore placed at these chordwise locations. The
1/2-chord location was also used for the trapezoidal wings.

Near the trailing edge of & wing the 1lifting-line method is
not in close agreement with exact linearized theory. At the trail-
ing edge, however, the exact llnearlzed velue of the downwash may
be reedily obtained by the methods of reference 7. For tralling
edges normal to the free-stream direction, this method yields

€ 4 . Bu
d.o',—l o0 (5)

where wu 1is the perturbation velocity in the x-dlrection on the
top surface of the wing at the trailing edge. An estimate of the
downwash near the tralling edge in the z = O plane may then be

143148
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made by falring the curve obtained by the line-vortex method (equa-
tion (4)) to the value at the trailing edge given by equation (5).

Displacemsnt and Distortion of Vortex Sheet

Methods for calculating the effect of distortion on the down-
wash are discussed in references 1, 4, and 8. In linearized theory,
the trailing vortex sheet 1s ordinarily assumed to lie in the
z = 0 plane. Actually, the trailing vortex sheet is dlsplaced
and distorted by the perturbation veloclities and generally tends
to roll up at the edges. The rolling-up process continues until
the entire vorticity is concentrated in two vortex cores- trailing
behind each wing tip.

The distance behind the tralling edge at which the vortex
sheet 18 essentially rolled up i1s (reference 4), in the reduced
coordinate system,

A
— =K or (6)

where K 1is a factor dependent on the load dlstribution. For
elliptical load distributions, K = 0.28, +whereas for distribu-
tions that have a lateral center of 1ift farther outboard, K
takes on smaller values, and vice versa. The distance e 1is
directly proportional to A/CL

At downstream stations for which x/Bb'<(e+c)/b', both the
displacement and the dilstortion of the tralling vortex sheet are
considered adequately accounted for when computing downwash near
the-plane of symmetry (y/b' = 0) by assuming the vortex sheet to
be displaced as a unit (that is, undistorted) at each downstream
station by the amount of local dlsplacement of the center line of
the actual vortex sheet. The downward dlsplacement of the center
line of the vortex sheet from the tralling edge may be estimated
by integrating the linsarized downwash along that line. Thus, the
total downward displacement from the z = O plane is

h = ht + hg

X1

g
a
I
]

(7)
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where hi = ca 1s the downward displacement of the tralling edge:
from the z = 0 plane with coordinate origin at the leading edgs,

12348

*1
and hg = a f %& dx 1s the downward displacement of the vortex

x
sheet from the tralling edge at a downstream station xj3.

The downwash at stations for which x/pb'>(e+c)/pb' 1is
esgentially simpler to calculate. A procedure applicable for these
stations is indicated in appendix B. The emphesis of this report
is on the calculation of downwash near 'bhe wing, where the calcu-
lation 1s more difficult.

‘Ihe distance e camnot be accurately determined at present
because of insufficlent knowledge about the factor K. Ultimately,
the magnitude of K must be experimentally determined for various
plan forms.

Downwash Iin Trefftz Plane

In the Trefftz plame (x/pb' = @), equation (4) reduces to

n.
de 1 Pm n-N43 (L‘I')i (8)
da,  2x oUb? E 2 2
: 7 (n=ny)7+ ¢ #m

Equation (8) is identical to the equation obtained in subsonic
theory for the downwash at x = =.

Because of the displacement and the dilstortion of the traill-
ing vortex sheet and 1ts ultimate degeneration into two traliling
vortex cores, the Trefftz plans solution is not a correct approxi-
mation to the actual downwash an infinite distance behind a wing.
The Trefftz plane solution is nevertheless useful for estimating
the megnitude and the spanwise variation of downwash at downstreem
statlons for which asymtotic values of downwash are approached
before x/Bb' exceeds (e+c)/Bb'. This condition, however, may
not be obtained for wings with elther a small aspect ratio or a
large 1i1ft coefficient.



NACA TN 2141 7

Spanwise Distributlion of Loading .

Analytical expressions for the potential Jump AQ across the
plane of each wing were obtalned by the method of reference 9.
These equations are given in appendix C for the wing regions con-
sldered 1n this report. The spanwise variation in loading was
obtained with the relation I' = (Ap)y. The lift coefflcient for
the trapezoldal wings was obtalned by a graphical Integration of

the spanwise loading curves. For the triangular wings, Cp, = %‘i—
: i 4a 1

(reference 10, p. 361), and for the rectanguler wings, CL=F “Z_BI

(reference 10, p. 380). ' ,

Downwash Due to Flaps

The contribution of wing flaps of constant chord to the ver-
tilcal perturbation velocity may be approximated by replacing the
flap by a horseshoe vortex (fig. 2) with strength equal to the cir-
culation of a two-dimensional airfoll of the same chord. That is,
(from equation (Cl))

I'f=_2__mt_§f;_5[ybn

m, (9)

where m; is the slope parameter of the trailing edge, & 1s the
flap deflection angle, and £p 1s the chord paramster of the flap
(5 and Ep are measured in the flight direction). From equa-
tion (3), the downwash due to both flaps is

_w _1Te (t-8) (n-n) [(g- £)2-(a-ny)-2¢] )
8U = 2xn 5Ub! [(g_g,)z_ﬂ ’\/(i-i')z-(ﬂ-nl)z-gz [(n-n1)2+§2] ‘
(n-1) [(6-£1)2-(n-nz)%-2¢2] (n+ny) [( ¢ )2-(n+n2)2-2;2]

+ -
N(e-£2-(nnp)2-2 [(nnp)2+f]  Afle-t)P=(niny)2-¢ [(nen,)%0¢F]

(neny) [(g-¢")2-(nen, )22
’\/@-ﬁ').z-(nml)z-gz [("*’11)2"‘@2]
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where £' 1s the distence (in the nondimensional coordinate sys-
tem) of the horseshoe vortex from the y,fj-exis, and =*7; and *1,
are the nondimensional ordinates of the traillng line vortices.

This downwash is then added to the downwash of the plaln wilng, as
indicated in figure 2, to obtain the downwash due to the complete

wing configuration.

This approximation should result in a good indication of the
downwash if the flap deflection & 1s small, and if the flap chord
is small compared with the wing chord. For camputations of the down~
wash close to the trailing edge, additional refinements to correct
for the effect of the chordwise dilstribution of vorticity mey be
required.

DISCUSSION OF DOWNWASH CHARTS
Scope of Charis

The wing plan forms for which the downwash was computed,
together with an index to the charts (figs. 3 to 22), are shown in
table I. The plan forms include rectangular wings with reduced
aspect ratios BA of 2, 4, 8, and 12; trapezoidal wings with
reduced aspect ratios ranging from 2 to 12.8 and taper ratlos of
1/2 and 1/4; and triangular wings with reduced aspect ratios of 8
and 12. The wings are assumsd to be flat plates with the specified
plan form.

Those plan forms having swept tralling edges are modified at
the midspan by parabolic arcs, tangent to the trailing edges at
0.2b', 1in order to decrease the magnltudes of downwash 1n the
vicinity of the midspan. (For these wings, linearized theory pre-
dicts both a discontinuity 1In the slope of the spanwise loading
curve and an infinite vertical perturbation velocity at the midspan
(reference -2), neither of which would be expected in an actual
fluid flow.) The reduced aspect ratios and teper ratios of the
trapezoidal wing, however, are baged on the original plan form.

The downwash charts obtained from equation (4) are presented
in figures 3 to 22 for each plan form of table I for :,'r/b' = 0, 0.15,
and 0.30, and |z/b'| = 0, 0.1, 0.3, and 0.5. A coordinate origin
at the midspan of the leading edge wes chosen for the presentation
of the cherts.
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Nineteen horseshoe vortices (n = 38) were used in equa-
tions (4) and (8) to calculate the downwash because trial computa-
tions indicated that this number was sufficieéntly large to yleld
good agreement with equation (1), yet not excessively large for
practical computation.

Equation (5) was used to obtain values of de¢/da at the mid-
span of the trailing edge of each wing. Curves were then drawn,
Indicated by the dashed lines in the downwash charts, to approxi-
mate the downwash in the regions close behind the tralling edges.
These approximations were used for the calculations of the vortex-
sheet displacement curves (by equation (7)), which appear on each
chart.

The charts also present curves of the downwash 1n the Trefftz
plane obtained from eguation (8) for |z/b'| =0, 0.1, 0.3,
end 0.5. These curves provide a basis for extrapolating downwash
near the wing for y/b' > 0.30. The spanwlse load distribution of
each wing 1s also presentsed.

Compé.risons with Exact Linearized Theory

Exact linearized values of downwash behind the rectangular
wings of figures 19 to 22, obtained by the method of reference 7,
1llustrate the good agreement obteined by the lifting-line solu~-
tions for z/b' = 0 amd x/Bb' >c/Bb' + 1/2. In the Trefftz
plens, exact linearized values of downwash (taken from references
7 and 11) are shown for the triangular wings in figures 3 and 4
and for the rectangular wings in figures 19 to 22. Because dis-
continuitlies in the slopes of the downwash curves are not accurately
predicted by the approximation of equation (4), the spanwise varia-
tion of downwash in the Trefftz plane deviates from the exact lin-
earized values near the coordinates of such discontinuities. (See,
for example, figs. 20 and 22.) The agreement is gemerally good,
however. On the basis of these comparisons and the results of
reference 2, all the downwash charts are believed to approximate
closely exact linearlzed theory.

Factors Influencing Downwash

Magnitude of downwash. - A comparison of the downwash near
the wing with the downwash in the Trefftz plane for the various
plan forms consldered indicates that the values of downwesh in the
Trefftz plane may be egsumed to yleld good estimates of the order
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of megnitude of the downwash at stations for which x/Bb'> 2.

The downwash in the Trefftz plene at y/b' = 0 and z/b' = 0 may
be expressed for particular loed distributions in terms of the 1ift
coefficient and the aspect ratio. Thus, for a uniform load distri-
bution (reference 12, p. 134),

2ol

(10)

&la

whereas, for an elliptic load distribution (reference 12, p. 143),

%
.ol ()
In general,
L
L Eep (12)

where p 1s a number dependent on the particular load distribution.

For loadings ranging between the uniform and the elliptic dis-
tributions, 1 <p < 2; whereas for loadings ranging between the
elliptic and trianguler distributions, p> 2. In general, the
- order of magnitude of the downwash is therefore directly propor-
tional to the 1ift coefficient and a factor dependent on the form
of the load distribution curve, and inversely proportional to the
agpect ratio. '

Spenwise variation of downwash. - The spanwise varilation of
downwesh in the 2z = 0 plane 1s directly related to the form of
the load-distribution curve. The effect of the load distribution
on downwash is 1llustrated in figure 23. Thils figure presenta the
downwash in the Trefftz plane, for z = 0, behind triangular,
elliptical, and uniform load distributions.

For trianguler loading (fig. 23(a)), the downwash in the
z = 0 plane approaches infinity at midspan. If the load distri-
bution is modified so that zero slope exists at mldspan, however,
a finite, maximm downwesh results (figs. 3 and 4). A greater
modification of the triangular loading may further decrease the
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dowmwash at midspen so that the maximum ococurs at another spamvrise
station (for example, near y/b' = 0.15, f£ig. 5). The basic char-
acteristic of the triangular-typs loading, howsever, 1s the decrease
in de/dx behind the wing with an increase in .

The basic characteristic .of elliptic loading (fig. 23(b)) and
modifications thereof (fig. 10) is the essentially constant span-
wlse downwash distribution behind the wing. For uniform loadlng
(fig. 23(c)) and modifications of uniform loading (fig. 21) the
downwash parameter de€/da increases with .

Above the plane of the wing, the load distribution does not
have as pronounced an effect on the spanwise variation of downwash
a8 1t has in the z = 0 plans.

Displacement Curves

The displacement curves indicaete that the displacement is
practically negligible for x/Bb' <2 when a and B have val-
ues consistent with linearized theory. Farther downstream, the
displacement inoreases practically linearly with distance.

METHOD OF APPLICATION

The downwash parameter d€/da at a point behind a wing is
obtained from the charts given In figures 3 to 22 as follows:

1. For a Mach number under consideration, the coordinates of
the point where the downwash is desired are reduced to the param-
eters =x/Bb', y/b', eand z/b' messured from an origin at the
midgspan of the leading edge.

2. At stations near the plane of symmetry (y/b' = 0), the
displacement h/b' of the vortex sheet from the z = O plane is
estimated from the displacement chart. This value 1s added to
z/b' +o obtain the net distance of the point from the vortex
sheet. )

3. For the x/Bb' anmd y/b* parameters of the point, and
the net z/b' parameter found in step 2, the value of d¢/da is
obtalned from the downwash cherts.
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If the megnitude of the downwash w 1s desired, the relations

W= - :—o—i al + ¥y_0 for wings with thickness and camber

and

W= - g.é oU  for flat plates

may be used, where w,_.g is the downwash of the wing at zero angle

of attack. For wings with flaps, the computation indicated in the
section Downwash Due to Flaps must also be made.

A correction for the downwash besed on an experimental 1ift
coefficient is discussed in appendix D. For wings with & small
value of A/CL, the rolling up of the trailing vortex sheet must
be considered, as indlicated in appendix B.

EXAMFLE

As an illustrative example, the downwash paremeter de€/da
will be found at the point p (x = 15.0, y = 1.5, and =z = 1.0)
(fig. 24) behind a rectanguler wing, agsuming:

BA = 4

b* = 5.0

o« = 0.07 radiens (4°)
M=2

From the steps previously outlined there rssult:

ln B = 1.73 X
x/pbt = 1.73
y/bt = 0.30

z/b! = 0.20

¥2eT
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2. From flgure 20 .
h/b* = 0.64 af = 0.08

The net vertical distance (nondimensional) of the polnt above the
vortex sheet is then

(z2/b")pet = 0.20 + 0.08 = 0.28

3. The value de€fda = 0.27 is the desired result.

Lewis Flight Propulsion Laboratory,
National Advisory Commitiee for Aeronautics,
Clevelaqg, Ohio, Japmary 9, 1950.
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APPENDTX A

ect

SYMBOLS
The following symbols are used in this report:
aspect ratio, (2’0')2/8

wing semispan

118t coeffictent, L/(5 U%S)

root chord

distance from trailing edge to station where trailing vortex
sheet 1s essentially rolled up

£(n-n4) [52"(’1"‘11)2‘2&2]

NE-(nng)2-E (- ) [(n-np) %]

downward displacement of traiiing vortex sheet from
z = 0 plans

downward displacement of trailing vortex sheet from trailing
ed.ge .

1188

free-stream Mach number

slope of plan-form leading edge, dn;/df,

slope of plan-form trailing edge, dnt/df,b

total number of trailing llne vortices

x?-p2 (y-5,)%-%2°

ry = ,\/xz_Bz ( x_yo)z_ﬁzzz

S

plan~form arsa



NACA TN 2141 15

T taper ratio, tip chord divided by root chord

U free-stream velocity (taken in x-direction)

; .

v perturbation velocities in directions X,¥,2z, Yrespectively
w

x

T Cartesian coordinate system

A

a angle of attack, radians

B cotangent of Mach angle, I\IM—ZE

BA reduced aspect ratio

r spenwise distribution of circulation

AI'  strength of line vortex

3 flap deflec;tion angle, radians

€ downwash angle, radians (positive for downward flow deflection)
£ = x/pv

n= y/or

¢ = z/b!

p free-gtreoam density

P poerturbatlion-velocity potential

AQ? potential jump across 2z = O plane (cPtop'q}bottom)
Su'bscripté: -

hig flap \
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i= 1,2,3, . . . n llne vortices
1 plan-form leeding edge

m  value at midspan

o] variable of integration

t plen~form traillng edge
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APPENDIX B

DOWNWASH AT STATTONS WHERE VORTEX SHEET
IS ESSENTTALLY ROLLED UP

At stations for which x/Bb'>(e+c)/Bb', an approximation to
the downwash may be obtalned by representing the wing by a single
horseshoe vortex, the strength of which is equal to I, and the
spen of which is guch that the net 1lift of the horseshos vortex
equals that of the wing. The correspondlng semlspan, glven by

1
T'(ne) '
= d. is indicated 1n sach loading chart of fig-
2
0 n

[

ures 3 to 22 by a vertical long-short dashed line. The downwash,
then, is (from equation (8))

ae 1 I'nm N, Ny

— o emer—

da 2x oUb!?

(n-np)+e®  (nanp) %+ £

An estimate of the displacement of the tralling line vortices
from the z = 0 plane may be obtalned by compubting the downwash
parameter at n =1y, {= 0 due to the line vortex at 3 = -n;
and agsuming that this value of d¢/da 1s conmstant from the trall-
Ing edge to the station at which the displacement is being com-
puted (reference 3). Thus, the displacement is

b e oq s 4B alx-c)

alb' 4y
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APPENDIX C ‘

SPANWISE DISTRIBUTION OF CIRCULATION .

The spamwise distribution of clrculation wes .obtained by
evaluating the following equations for AP along the tralling
edge of each wing; that is, I' = (AP)y: These equations were
obtained by the method of reference 9.

Region I
a9 2b* (myt-1) (c1)
alU mlz_l
Region II
: - [(my-1) ¢ +n) (my-1) (g-n)
AL PRrY S i Al s
| A e T Y A
(c2)
Region IIT

mgn [ (my+2) (2-n)

A9 _ 4T ,AJ(l-n)[mz(g+q)-(mz+l)] +

ol ﬁ@z

1,51+l \jmz ¢ +1) ~(my+1)
(c3)
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Region IV

4b?

'\(( 1-n) [my (£ +n) -(mg+1)] +
:tvmz-l {

m, §-n o (my1)(1-n) I (m,+1) (£-1) \
Jmy+l my (£+1) - (my +1) (my-1) (¢ +n)
mem (mz—l)(£~n)}

l\jm_z:I (mz+l) (¢ +n)

(c4)
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APPENDIX D

CORRECTION BASED ON EXPERIMENTAL
LIFT DATA

Tnasmich as the change in downwash 1s i)roportiona.l to the

change in circulation and therefore to the change in 1ift, the
ratio

(acl'/aa')experimental
(BCL/BG' )theoretical

may be introduced as a correction factor for de¢/da. This correc-
tion asgumes that the form of the experimental loading curve is
similar to the form of the theoretical loading curve. If the
deviation of the experimental curve is large only near the wing
tips, the correctlon factor should still yield satisfactory
approximations to the downwash near midspan statlons. Theoretical
values of Cy/o are given in the charts.

For essentially flat plates, the ratio

C
Lexperimental

CLtheoretical

may be used asg a correctlon factor for w.
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TABLE I. — PLAN FORMS AND INDEX TO CHARTS

Plan form Figure | Reduced Taper
aspect ratio
ratio T
A
/\ 3 8 0
4 12 0
5 2 1/4
6 4 '1/4
7 8 1/4
8 12. 1/4
9 2 1/2
10 4 1/2
11 8 1/2
12 12 1/2
13 3.2 1/4
14 6.4 1/4
15 12.8 1/4
16 2.7 1/2
17 5.3 1/2
18 10.7 1/2
19 2 1
20 4 1
21 8 1
22 12 1

F2eT
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(a) Placement of trailing line vortices.
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= _—Stepwise variation
i
bt 0 bt v

(b) Spanwise distribution of circulation.

Figure 1. - Lifting-line representation of wing.
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Figure 2, - Horseshoe-vortex representation of wing flaps.
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N NACA TN 2141
¥/b? ‘
/A Exact linearized values,
reference 11
~—~ Uniform loading with
e v/t = 1.4 same 1ift
1'
x/po?
Plan form
x/Bb! 3 o9
1.0 T
T~
«8
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! oe /vl
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A " 3 SN N e <
D .
= l o N d
-4 N | S
] 3 K g‘ \\> /
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A %
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[0 2 Py o6 «8 1.0 .0 o2 4 6 «8 1,0
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2 2,0 7
5
~ 1.5 7
»
“ -
g 1.0
3 L /
r‘g /
[« 5
w
"g" W
I
(o] 1.0 260 3.0 4,0 5,0 6.0
x/po?

(a) Plan form, load distribution, downwash in Trefftz plane » and
vortex=sheet &1sp1acement.

Figure 3, « Charts showing plan form, load distributlon, downwash in

Trefftz plane, vortex-sheet displacement
83 root chord

Reduced aspect ratio
4,000 a/p; midspan ¢

culation, 0,7

0.500
'%0 albt,

and downwash near wing.

Bbt3 1ift coefficlent,
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O Exact linearized value,
equation (S) ]
y/ot = 0 ——=— Faired curve
.6 Iz/b"l
(o}
o4 — ol
-
A :
.2 ; / / .5
e A
0
K y/b' = 0.15
Y z/b?
9 0
g 4 = 1
g L///4f/77 — | *
3 L o5
K] * / L1 hd
w d
3 7 //
g 0
&
y/b' 3 0.30
.6 =75
(o]
o4 r__*_ 1
2 //””'—””T"—J o3
* / Py -3
1
0 5 1.0 ) 2.0 2.5
[ ) [ ] x/Bb' 1 L ] ‘

(b) Downwash near wing.

Flgure 3. ~ Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-sheet displacement, and downwash

near wing,
coefficient, 4,000

Reduced aspect ratio, 8; root chord 0,500 Bbr; 1ift

a/p3 midspan oirculation, 0.770 aUb'.
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4,///,/”/’/ /A Exact linearized values,
< y/bt = 1 -ﬂ reference 11
] —=— Uniform loading with
x/gb? same 1lift
Plan form
x/pot ®oo
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A — NACA
1
(o) 1.0 2.0 3.0 4,0 5,0 6,0
x/Bb?

(a) Plan form, load distribution

downwash in Trefftz plane, and

vortex-sheet éisplacement.

Figure 4, - Charts showing plan form, load distribution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aspect ratlo, 12; root chord, 0,333 fb'; 1lift coefficlent,

4,000 o/B; midspan circulation,

0,554 aUb!,
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O Exact linearized value,
equation (5)
y/b' =20 ~—— Faired curve
[=/01]
o4 — o
/ 01 -
2 o "’?’//_ -3
o ///F/'_
¥/b* = 0.15
8
ME Iz/b'
hﬂ
1] 14 0
-l
.‘g //_J___,___ 01
z 02 — .3
(-1 5
- ///
] 0
g
§
a
3/bt = 0,30
» lg/b'l
ol
o2 r””F’———[::::—“"
/ /__————-—‘ 3
K /"/ .5 SI
0 5 1.0 1.5 2.0 2.5
x/Bo?

(b) Downwash near wing.

Filgure 4. = Concludeds Charts showing plan form, load distributlon,
downwash In Trefftz plane, vortex~sheet displacement, and downwash
near wing, Reduced aspect ratio, 12; root chord, 0,333 fbr; 1lirt
coefficient, 4,000 a/p; midspan circulation, 0,554 aUb',
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y/o1
3 ~——-—— TUniform loading
r_y/b'z 11— with sams 1ift
[
x/Bbt
Plan form
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N\ x/pbr =2 e
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortexesheet &isplacement.

Figure 5, = Charts showing plan form, load distribution, downwash in
Trefftz plane, vortexesheet displacement, and downwash near wing.
Reduced aspect ratio, i{ root chord, 1.680 pbts 1ift coefficlent,
3.25 o/f; midspan circulation, 2.275 albt.

veet



1324

NACA TN 2141 . : 31

1,26 T o)
y/ot =0 ,/// [=/®]
1.00 1 =
/7
' /7
«75 D
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/
050 "r // .5
«25 6
O Exact linearized value,
o equation (5)
—~—~ Faired curve
1050 1
y/b! = 0.15 lz/bl
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(b) Downwash near wing.

Flgure 5. = Concludeds. Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-sheet displacement, and downwash
near wing., Reduced aspec% ratlo, 23 root chord 1,860 Bbt; 1lift
coeffiolent, 3.25 a/B; midspan circulation, 2.273 aUb'.
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y/b?
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex~sheet éisplacement.

Figare 6 =~ Charts showing plan form, load distribution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing,
Reduced aspect ratio, 4§ root chord 0.860 fP3 1ift coefficient,
3.77 /B3 midspan circulation, 1.301 oUb!.
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s |2/
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O Bxact linearized value,
equation (5)
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(b) Downwash near wing,

Figure 6, = Concluded. Charts showing plan form, load distribution

downwash in Trefftz plane

vortex=-sheet displacement, and downwasﬁ

near wing. Reduced aspecé ratlio, 43 root chord 0.860 Bbry 1ift

coefficient, 3.77 a/B; midspan circulation, 1.301 aUb!.
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex-gheet &1sp1acement.

Figure 7. = Charts showlng plan form, load distribution, downwash in
Trefftz plane, vortexesheet displacement, and downwash near winge.
Reduced aspeoé ratlio, ‘811 root chord, 0.480 Bot3 1ift coefficient,
3.93 a/B; midspan oirculation, 0,704 aUb',



35

NACA TN 214]
O Exact linearized value,
equation (5)
y/bt = 0 ——— Faired curve
o/
& — Q 1
/%J o
.2 = .3
O‘—’ -1 /———-"— .5
o .
y/bt = 0,15
vid .6 '
'U"s ]z/b'l
g .4 0
/ — ol
' .5
A -~
A 4+ //
7] 0
s
g
]
¥/b? = 0,30
o
ok
0
_-___L———
el
o e .
. L *
0 5 1.0 1.5 2.0 2e5
x/pb?

(b) Downwash near winge.

Figure 7. = Concluded, Charts showing plan form, load distributlon,
downwash in Trefftz plane, vortex-sheet displacement, and downwash
near wing, Reduced aspect ratlo, 83 root chord, 0.400 Bb's 1ift
coefficient, 3.93 a/Pj midspan circulation, 0,704 aUb'.
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(a) Plan form, load distribution, downwash in Trefftz plane , and
vortex-sheet displacement.

Flgure 8. = Charts showing plan form, load distribution, downwash in
Trefftz plane
Reduced aspec€

3.93

vortex-gsheet displacement
ratio, 12j root chord, O.
a/p 3 midspan circulation, 0.483 aUb'.

., and downwash near wing,
267 Bb'y 1ift coefficient,
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O EBxact linearized value,
equation (5)
y/ot =0 —~—— Faired curve
" (/51
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o //;,/“_ ol
L ) | // el .3
o1 = _|—1—1 o5
0 — [ _—]
y/b' = 0,15
oK
- z/b
§ . [z/o1
(s]
% 2 "’_Ji:::: .1
1A .
— —1
K] o
/-]
]
:
[o]
A
y/o' = 0,30
ok
/oY
02 /?____— 001 -
/‘/ .3
T I — -2
(o] b 1.0 1.5 2,0 2.5
x/po!

(b) Downwash near wing.

Figure 8, = Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortexe-sheet displacement, and downwash
near wing. Reduced aspect ratio lﬁi root chord, 0.567 gbt; 1ift
coefficient, 3.93 a/p midspan circulation, 0483 alb'.
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~——~——TUniform loading
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex~-sheet aiaplaoement.'

Figure 9, - Charts showing plan form, load distribution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aspec‘E ratio, ﬁ{ root chord, 1.353 Bbts 1ift coefficlent,
3.16 a/p; midspan circulation, 2.161 alUb',
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(b) Downwash near wing.

Figure 9, = Concluded., Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex~-sheet displacement, and downwash
near wing, Reduced aspect ratio, 23 root chord, 1,333 Bb'} 1ift
coefficient, 3.16 a/B; midspan circulation, 2,161 aUb'.
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v/o!
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex=gheet hsplacement.

Figure 10, = Charts showing plan form, load dlstrlibution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing,
Reduced aspeo% ratio, 3{ root chord, 0.687 8bt3 1ift coefficlent,
3,66 o/p; midspan circulation, 1,178 aUbf,

72t
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(b) Downwash near wing,

Figure 10, =« Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortexesheet displacement, and downwash
near wing. Reduced aspeo% ratlo, 43 root chord 0,687 Bbts lift
coefficient, 3,66 o/Bj midspan circulation, 1.178 aub!.
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Loading, r/r,

NACA TN 2141

[ v/t = 1*{
‘V‘
x/pbt
——-——Uniform loading
- with same 1lift
- Plan form .
1
1
1.0
- \ .‘,‘,’I.g x/Bb' 300
«8 \\ ~
\ § lz/b'
o6 - AN § ’0.1
1 S
" o, ’ AV /
g | — 4 /
g —
o2 E /
3 : =_ |
A \§~
0 .2 °4L O(S- .3 1.0 o .2 04 .6 .8 ' 100
3/b?
2 2,0
% /
2 ]
. 1.5 —— S
P
g . /
1.0 .
/
g —
8 .5 =
:3 I I,
a TRACA
1
0 1.0 2.0 3.0 4,0 5.0 6.0
x/Bb? ’

(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex-sheet &isplacement.

Figure 11, = Charts showing plan form, load distribution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing,.
Reduced aspecé ratio, 8; root chord, 0,333 fb'; 1lift coefficient,
3.90 a/f; midspan circulation, 0.617 aUb'.
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O BEBxact linearized value,
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(v) Downwash .near wing,

Figure 1ll. « Concludeds Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-sheet displacement, and downwash
near wing, Reduced aspeci’: ratio, 83 root chord, 0.333 pb'; 1lift
coefficient, 3.90 a/B; midspan circulation, 0.617 aUb'.
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(a) Plan form, load distribution, downwash in Trefftz plane, and

vortex=gheet splacement.

Figure 12, = Charts showing plan form, load distribution, downwash in

Trefftz plane
Reduced B.SpQOE ratio, 123 root chord, O.
a/B; midspan circulation, 0.419 aUb'.

3.91

vortex=-sheet displacement, and downwash near wing.
422 ot 1ift coefficient,
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O Exact linearlzed value,
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(b ) Downwash near wing.

Figure 12, = Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-sheet displacement, and downwash
near wing, Reduced aspect ratlo li{ root chord 0.522 Bbrg 11ft
coefficient, 3.91 a/B; midspan circulation, 0.418 aUb!,
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downwash in Trefftz plane, and

Figure 13. = Charts showing plan form, load distributlon, downwash in
Trefftz plane 2 vortex=sheet displacement, and downwash near winge

Reduced aspec

3.74

t

[

ratlo, 3.2j root chord, 1,000 fb'; 1ift coefficient,
a/Bj midspan circulation, 14391 aUb'.
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(v) Downwash near wing.

Figure 13, - Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortexe-sheet displacement, and downwash
near wing. Reduced aspect ratio, 3.2j root chord, 1.000 Bb'; 1ift
coefficlent, 3.74 a/B; midspan circulation, 1.391 aUb?,
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex-sheet aisplacement.

>

Figure l4. = Charts showing plan form, load distribution, downwash in
Trefftz plane, vortexe-sheet displacement, and downwash near wing.
Reduced aspecé ratlo, 6,43 root chord, 0,500 Bb!; 1ift coefficlent,
3.95 o/p; midspan circulation, 0,815 aUb',
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(b) Downwash near wing,

Flgure 14, ~ Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-sheet displacement, and downwash
near wing. Reduced aspecﬁ ratio, 6.43 root chord, 0,500 fbr; 1ift
coefficient, 3.95 a/B midspan circulation, 0.815 alUb'.
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(a) Plan form, load dlstribution, downwash in Trefftz plane, and
vortex=-sheet &isplacement.

Flgure 15, « Charts showing plan form, load distrlbution, downwash in
Trefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aapec£ ratlo, 12.83 root chord, 8.250 Bbts 1ift coefficlent,
3.96 o/p; midspan circulation, 0,448 alb'.
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(b) Downwash near wing.

Figure 15, = Concluded, Charts showing plan form, load dlstribution,
downwash in Trefftz plane, vortexesheet displacement, and downwash
near wing., Reduced aspecﬁ ratio, 12.8; root chord, 0.250 pbt; 1ift
coefficient, 3.96 a/B; midspan circula%ion, 0.448 aUb?,
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(a) Plan form, load distribution, downwash in Trefftz plane, and

vortexe-sheet displacement.

Figure 16, = Charts showing plan form‘, load dlstribution, downwash in

Trefftz plane

vortex-sheet displacement, and downwash near wing.

Reduced aspec€ ratio, 2,73 root chord, 1.000 Bb'j 1ift coefficient,

3446

o/B 3 midspan circulation, 1,540 aUb'.
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Figure 16, = Concluded,
downwash in Trefftz plane

near wing, Reduced aspecﬁ ratio

{b) Downwa

coefficient, 3,46 a/f; midspan ¢

sh near wing,.

2
irculation, 1,540 aUb?,

Charits showing plan form, load distribution,
vortex=-sheet displacement, and downwash
«73 root chord, 1.000 @bt; 1ift
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortexesheet &1splaoement.

Figure 17, =« Charts showing plan form, load distribution, downwash in
Trefftz plane, vortex-sheet displacement, and downwasb near wing,
Reduced aspect ratio, 5.33 root chord, 0.500 fbt; 1ift coefficient,
3.80 a/Bj midspan oirculation, 0,867 aUb’.
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{b) Downwash near wing,

Figure 17, = Concluded, Charts showing plan form, load distribution
downwash in Trefftz plane vortex-sheet d.isplacement , and downwash
near wing, Reduced aspecé ratio root chord, 0.500 Bbt; 111‘1;
coefficlent, 3,80 a./B; midspan circuiation 0.86’; alUbt, )
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(a) Plan form, load distributlion, downwash 1ln Trefftz plane, and
vortexesgheet hsplaoement.

Figure 18, = Charts showing plan form, load distribution, downwash in
Trefftz plane, vortexesheet displacement, and downwash near winge.
Reduced aspecé ratio, 10,73 root chord, 0,250 Pb?'; 11ft coefficient,
3.91 a/P; midspan ofrculation, 0.464 aUb',
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(b) Downwash near wing,

Figure 18, = Concluded, Charts showing plan form, load distribution,
downwash in Trefftz plane, vortexesheet displacement, and downwash
near wing, Reduced aspecé ratio, 10.7; root chord, 6 250 Bbr; 1ift
coefficient, 3,91 a/B; midspan circulation 0.464 qub?,
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortex-sheet displacement.

Figure 19. = Charts showing plan form, load distribution, downwash in
Prefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aspecé ratio, 23 root chord 1.060 Bb'; 1ift coefficlent,
3,000 a/p; midspan circulation, 2,000 aUb'.



NACA TN 2141 : 59

1025 T JS — ;¥ [0}
y/ot =0 AT
1,00 ~ / ‘ .1
«75 Z —
4& 3
—
50 f— 5
L / /
o -
T O Exact linearized value,
equation (5)
A Bxact lineariged values,
y/bt = 0.15 reference 2
—— —Falred curve
1.25 |z/b¢
w
g (4]
ES 1.00
b Ve I B— o1
L — :
I B .
/r-"‘
"g. « 50 // B
L —]
§ A
E «25
:
o
y/b! = 0,30
|=/b'|
1.00 P
/’_—— .l
75 - -
)/ L__’ .3
«50
D
«25
- NACA
!
0 .S 1.0 1.5 . 2.0 245 340
x/po?

(b) Downwash near wing,

Figure 19, = Concluded. Charts showing plan form, load distribution,
downwash in Trefftz plane, vortexesheet displacement, and downwash
near wing. Reduced aspect ratio, 2j root chord 1,080 por; 1ift
coefficlent, 3,000 a/B; midspan circulation, 2,600 avbt,
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(a) Plan form, load distribution downwash in Trefftz plane, and
vortex-sheet éisplacement.
Pigure 20, = Charts showing plan form, load distribution, downwash in

Trefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aspecé ratioi 43 root chord 0,580 Bb's 1ift coeffiocient,
r .

3,500 a/Bj midspan c

culation, 1,000 aubr.
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Downwash parameter, gﬁ

Figure 20. = Concluded., Charts showing plan form, load distribution

TN 2141

O Exact linearized value,
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(b) Downwash near wing,

?

downwash in Trefftsz plane£ vortexe-sheet displacement, and downwash

near wing,

Reduced aspec

ratio, 4; root chord 0,500 fbry 1ift

coefficient, 3.500 a/Bj midspan circulation, 1.000 aUb'.
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{a) Plan form, load distribution, downwash in Trefftz plane, and
vortex-sheet aisplacement.

Figure 21. = Charts showing plan form, load distributlon, downwash in -
Trefftz plane, vortex-sheet displacement, and downwash near wing.
Reduced aspect ratio, 8§ root chord O.2§0 Bbtj 1ift coefficlent,
3.750 o/B; midspan circulation, 0.500 aUb!.
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(b) Downwash near wing,

Flgure 21, = Concluded. Charts showing plan form, load distribution,
downwash in Trefftz plane, vortex-gsheet displacement, and downwash
near wing, Reduced aspect ratlo, 83 root chord, 0.250 Bb?; 1lift
coefficient, 3.750 a/Pj midspan circulation, 0.500 aUb',
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(a) Plan form, load distribution, downwash in Trefftz plane, and
vortexesheet éisplacement.

Figure 22, = Charts showing plan form, load distribution, downwash in
and downwash near wing,.
7 Pb'3 1ift coeffloient,

Trefftz plane, vortexesheet displacemen

t

Reduced aspect ratio, 123 root chord, o.l6
3.833 a/p; midspan circulation, 0,333 qUb'.
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Figure 228, ~ Concluded,
downwash in Trefftz plane
near wing.
coefficlent, 3.833

{b) Downwash near wing.

Charts showing plan form, load distribution,
vortex=sheet displacement
Reduced aspect ratio, 12§ root chord, 0.167 bty 1lift
a/B} midspan circulation, 0.333 aUb'.

and downwash
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(a) Triangular loadinge.

(b) Elliptical loading.
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(c) Uniform loading.

Figure 23. - Spanwise load distributions and downwash in Trefftz plane (z = O);
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Figure 24, - Illustration for computed example (not to scale).
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